We have obtained deep optical spectrophotometry of 16 planetary nebulae in M33, mostly located in the central two kpc of the galaxy, with the Subaru and Keck telescopes. We have derived electron temperatures and chemical abundances from the detection of the [O iii] λ4363 line for the whole sample. We have found one object with an extreme nitrogen abundance, 12+log(N/H) = 9.20, accompanied by a large helium content. After combining our data with those available in the literature for PNe and H ii regions, we have examined the behavior of nitrogen, neon, oxygen and argon in relation to each other, and as a function of galactocentric distance. We confirm the good correlation between Ne/H and O/H for PNe in M33. Ar/H is also found to correlate with O/H. This strengthens the idea that at the metallicity of the bright PNe analyzed in M33, which is similar to that found in the LMC, these elements have not been significantly modified during the dredge-up processes that take place during the AGB phase of their progenitor stars. We find no significant oxygen abundance offset between PNe and H ii regions at any given galactocentric distance, despite the fact that these objects represent different age groups in the evolution of the galaxy. Combining the results from PNe and H ii regions, we obtain a representative slope of the ISM α-element (O, Ar, Ne) abundance gradient in M33 of −0.025 ± 0.006 dex kpc −1 . Both PNe and H ii regions display a large abundance dispersion at any given distance from the galactic center. We find that the N/O ratio in PNe is enhanced, relative to the H ii regions, by approximately 0.8 dex.
INTRODUCTION
Planetary nebulae (PNe) can be used as test particles in the study of the chemical enrichment of galaxies and as fossil records of the nucleosynthesis that took place in previous generations of stars. While information on present-day chemical abundances of star-forming galaxies are gathered from the spectra of H ii regions and massive stars, PNe pro-dances in cases where the latter are expected by theoretical calculations to be affected by systematic errors. These tests are particularly important in the central, metal-rich regions of spiral galaxies, where the high metal content could lead to systematic underestimates of the nebular metallicity (Stasińska 2005) . This originally motivated our new investigation of a sample of luminous PNe in the central region of the galaxy M33. Despite the faintness of the targets in this external galaxy, compared to objects in the Milky Way, the uncertainty on the relative galactocentric distances, that afflicts studies in the Galaxy, is virtually removed. This offers a clear advantage in the determination of abundance gradients, and consequently in deriving information on the chemical evolution of the host galaxy, as well as providing empirical constraints on the metallicity dependence of extragalactic distance indicators (e.g., the Cepheid periodluminosity relation: Kennicutt et al. 1998 , Scowcroft et al. 2009 .
In this paper we present new spectroscopic observations of 16 PNe in the neighboring galaxy M33, obtained with the aim of measuring chemical abundances from the [O iii] λ4363 diagnostic line in the central few kpc of this galaxy. This classical 'direct' method is reckoned to yield the most accurate nebular abundances, unaffected by systematic uncertainties and/or strong-line method calibration issues, although in extragalactic PN and H ii region work its application is made difficult, especially at high metallicity or large redshift, by the weakness of the λ4363 auroral line. Combining our new data with existing observations in the literature we discuss the abundances of He, O, Ne, N and Ar in relation to each other, and as a function of galactocentric distance, in order to provide a clearer picture of the chemical composition and evolution of M33. The number of recent studies on the present-day chemical composition of ionized nebulae (Crockett et al. 2006; Rosolowsky & Simon 2008; Magrini, Stanghellini, & Villaver 2009) and massive stars (U et al. 2009 ) in M33 attests to the key role played by this Milky Way neighbour in the investigation of the chemical evolution of spiral galaxies.
OBSERVATIONS AND DATA REDUCTION
Deep multi-slit spectra of PNe in the central region of M33 were obtained at the 8.2m Subaru Telescope equipped with the Faint Object Camera and Spectrograph (FOCAS, Kashikawa et al. 2002) on 2007 October 9-10. Narrow-band [O iii] λ5007 images obtained with the same instrument were used, together with the PNe coordinates from Magrini et al. (2001) and Ciardullo et al. (2004) , to select targets and prepare the multi-object masks in two circular fields of 3 ′ radius. One of the fields contained the nucleus of the galaxy (the field center is approximately 1.
′ 5 arcmin SE of the galaxy center), while the second one was centered 7
′ to the N of the nucleus (coordinates of the field centers are given in Table 1).
For the spectroscopic observations we used 1. ′′ 2-wide slits and a combination of three different grisms (300R in second order, 300B and VPH650) to secure a continuous wavelength coverage from the near-UV (in most cases including the [O ii] λ3727 line) to the red (up to [Ar iii] λ7135), with a maximum spectral resolution of 4.5Å (300R grism in the blue) and 4.0Å (VPH650 grism in the red). Seeing conditions during the exposures presented here varied between 0.8 and 1.0 arcsec during the first night, and between 0.5 and 0.7 arcsec during the second night. Additional spectra were obtained in 2008 under worse atmospheric conditions (seeing up to 2 arcsec), but due to their poor quality they were not included in the analysis. The spectrophotometric standards G 191-B2B, GD 71 and LDS 749B were observed to flux calibrate the PNe spectra. Table 1 summarizes the exposure times used with the various grisms. The data reduction was carried out by means of standard iraf 1 tasks, and included bias and flat-field corrections, wavelength calibration from thorium-argon lamp exposures, cosmic-ray removal with the l.a.cosmic routine (van Dokkum 2001), flux calibration and spectra coaddition. The subtraction of the background was carried out locally for each individual PN, from the flux measured within the corresponding slitlet, each of which was sufficiently long (∼20 arcsec) to allow a good sampling of the background (a linear fit to the background measured in the vicinity of each PN was sufficient). This step is crucial for the correct measurement of the low-excitation lines, which can be present in emission also in the diffuse ISM. It is worth pointing out in this context that in general the sky subtraction obtained from slit spectra is known to be superior to what can be achieved with fiber-fed spectrographs, being less prone to systematic errors.
PNe spectra were also obtained on 2004 September 22-23 and October 21 with the Keck I telescope and the LowResolution Imaging Spectrometer (LRIS, Oke et al. 1995) as part of the spectroscopic survey of H ii regions in the southern half of M33 by Rosolowsky & Simon (2008) . The Keck sample extends the galactocentric distance coverage of our sample to larger radii. The blue spectra presented here, extending from [O ii] λ3727 to [O iii] λ5007, were obtained with the 600/4000 grism, providing ∼5Å resolution with the 1 ′′ -wide slits used in the multi-object masks. More details on the reduction of the Keck dataset can be found in Rosolowsky & Simon (2008, = RS08) .
For our chemical abundance analysis we retained only spectra for which we had a reliable detection of the Tesensitive line [O iii] λ4363. This left us with 10 and 8 PNe from the Subaru and the Keck observations, respectively, with two targets in common between the two datasets. Only two Subaru targets were excluded from the analysis, because their [O iii] λ4363 line could not be measured. The Subaru slit masks also included a few H ii regions. For three of them (B 90 in Field 1, B 72 and B 302 in Field 2; we adopt the H ii region identification from Boulesteix et al. 1974) we had a good quality measurement of the electron temperature from the [O iii] λ4363 auroral lines. For the comparison between PNe and H ii region chemical abundances (Section 5) we retain these additional objects. For B 72 and B 302, to our knowledge, no previous direct abundance determinations exist in the literature.
Celestial coordinates and galactocentric distances for the final sample of PNe and H ii regions are summarized in Table 2 , where the PNe coordinates and identifications are taken from the catalog by Ciardullo et al. (2004) . For the calculation of the de-projected galactocentric distances we adopted a disk inclination angle i = 56
• and a position angle θ = 23
• , as used by Ciardullo et al. (2004) . The position of the galaxy nucleus was set at RA(J2000) = 01 h 33 m 50. s 92, DEC(J2000) = 30
• 39 ′ 36. ′′ 8 (Massey et al. 1996) . For consistency with previous nebular abundance investigations, we adopted the Cepheid distance of 840 kpc by Freedman et al. (2001) , even though more recent studies suggest considerably larger values (up to 968 kpc: Bonanos et al. 2006 Bonanos et al. , U et al. 2009 ). In Fig. 1-4 we show the spectra of the 16 PNe included in this work. It can be seen that none of the targets has detectable WR-like features.
As Table 2 shows, our sample includes 5 PNe with galactocentric distance R 1 kpc, and 11 are within 2 kpc from the galactic center (the 3 H ii regions observed by us also lie in the central 2 kpc). This central region of the galaxy is under-represented in emission-line studies of the chemical composition of M33, because of the observational difficulties related to the measurement of the faint auroral lines in metal-rich environments. We also point out that the vast majority of the targets are expected to be part of the disk of M33. From the measurement of the kinematics of 140 PNe Ciardullo et al. (2004) determined that only two might belong to the halo of the galaxy, rather than the disk. One of them, PN 67, is included in our sample. Lastly, it is worth pointing out that the PNe observed as part of our program occupy the brightest 1.5 m5007 magnitudes in the luminosity distribution of M33 planetaries.
The measurement of the emission line strengths was carried out with the splot program in iraf. The extinction c(Hβ) was derived iteratively from the Balmer decrement, assuming case B H i line ratios (Hummer & Storey 1987) valid for the electron temperatures determined in Section 3. The reddening-corrected line fluxes, normalized to I(Hβ) = 100, and calculated using the Seaton (1979) interstellar reddening law, are presented in Tables 3 and 4 . The extinction coefficient c(Hβ) appears in the last column of Table 2 . The line flux errors account for the uncertainties in the placement of the continuum, in the flat fielding and the flux calibration, and in the extinction coefficient.
In two cases (PN 55 and 111) our spectra did not cover the bluest wavelengths, hence the entries for [O ii] λ3727 and/or [Ne iii] λ3868 are missing in Table 3 . Similarly, the Keck spectra did not extend beyond [O iii] λ5007, there- fore all the line fluxes at longer wavelengths are missing for the corresponding targets in Table 4 . In these tables we report the line fluxes measured independently from the Subaru/FOCAS and Keck/LRIS spectra for the two targets (PN 76 and PN 78) in common. This offers us a way to check the consistency of the flux intensities between the two samples, obtained from different instruments and reduced independently from each other. Considering the 1-σ errors, we find quite a good agreement between the independent measurements.
We have compared our fluxes with those of Magrini et al. (2009, =M09) for the 11 PNe in common. The comparison is shown in Fig. 5 , and it includes the O, Ne, N, S and Ar metal lines, as well as He i λλ4471, 5876 and He ii λ4686. We show in colour the points representing
, used to derive the O abundance. The agreement is quite good for strong lines, and worsens with decreasing line strength. While most of the points lie within the 0.2 dex scatter region from the line of equality, there are several emission features that display a larger discrepancy. This is especially the case of the [S ii] λλ6717, 6731 lines, which are often quite faint in the spectra of PNe at the distance of M33, and which appear to be systematically too strong in the M09 sample compared to ours (open red squares in Fig. 5) . A possible explanation is that the M09 spectra are affected by weak emission from the diffuse ionized gas (Haffner et al. 2009 ), which we clearly detect in our 2-D spectra and which might be not properly subtracted in the work by M09, who used fibers centered in low emission regions of the galaxy for the sky subtraction. The diffuse emission would be most important for faint, low-excitation metal lines, such as those of [S ii] , and the effects of an improper subtraction on the PN spectra would increase with decreasing line strength, as observed in Fig. 5 .
We also found a large systematic difference concerning the extinction coefficient, our values being lower than those reported by M09 by an average factor of 2.5. We point out that our Balmer line intensity ratios agree with the theoretical values, while in several cases the Hγ/Hβ and Hδ/Hβ ratios determined by M09 are significantly below the case B values. The means we derive from their data are 0.403±0.102 and 0.220 ± 0.057, respectively (case B values are 0.469 and 0.259 for Te = 10 4 K, Ne = 10 3 cm −3 ). This suggests a systematic over-estimate of the extinction coefficient.
The mean reddening for our PNe sample corresponds to E(B − V ) = 0.19 ± 0.03. This is similar to other spectroscopic determinations of the reddening from studies of the young populations of M33, including H ii regions (e.g. RS08: E(B−V ) = 0.20±0.03) and young stars (Massey et al. 1995 : E(B − V ) = 0.13 ± 0.01). The possibility that the PNe have reddening values that are much larger than those measured in young star-forming regions seems unlikely, even though a somewhat higher local reddening could be expected for PNe, since the progenitor AGB stars can produce dust shells.
CHEMICAL ABUNDANCES
For the derivation of the ionic abundances it is necessary to obtain the electron temperature Te of the emitting gas. Ciardullo et al. (2004) . H ii region IDs are from Boulesteix et al. (1974) , with positions determined from our images. ‡ Galactocentric distance for D = 840 kpc (Freedman et al. 2001 ). * S = Subaru, K = Keck. 146 ± 9 12.6 ± 1.5 309 ± 38 49 ± 6 3.8 ± 0.5 18.7 ± 2.3 13.7 ± 1.7 10.5 ± 1.3 B 90
698 ± 41 14.3 ± 1.7 280 ± 33 42 ± 5 3.5 ± 0.4 34.2 ± 4.0 24.4 ± 2.9 ... B 302
182 ± 11 12.6 ± 1.5 275 ± 33 33 ± 4 3.5 ± 0.4 13.4 ± 1.6 10.2 ± 1.2 9.9 ± 1.2
Values in brackets are upper limits. † Subaru/FOCAS spectrum. ‡ Keck/LRIS spectrum. Górny et al. 2009 ). For H ii regions, however, we derived the temperature of the low-excitation zone (for the O + and N + ionic abundances) from the Garnett (1992) relation, T(O + ) = 0.7 T(O ++ ) + 3000 K, which is supported by recent observations of extragalactic H ii regions (Esteban et al. 2009; Bresolin et al. 2009 ).
The electron temperatures were derived using the five-level program temden (De Robertis, Dufour, & Hunt 1987) , in the implementation of iraf's nebular package (Shaw & Dufour 1995) . The adopted atomic parameters are the same as in Bresolin et al. (2009) , and are summarized in Table 5 for convenience. For He i we used the emissivities of Porter, Ferland, & MacAdam (2007) , including the correction for collisional excitation, and for H i and He ii those of Hummer & Storey (1987) .
The electron densities were estimated from the [S ii] λ6717/λ6731 ratios, when available (Subaru data only), or from [Ar iv] λ4711/λ4740, if measured. We arbitrarily as- Tayal & Gupta (1999 sumed Ne = 1000 cm −3 in the remaining cases. The density affects the Te determination only weakly, even though it has an important impact on the O + emissivity. For example, around 12,000 K, a variation of Ne between 1000 cm −3 and 5000 cm −3 induces a change in T[O iii] of 60 K, which is on the order of 10% of the estimated temperature errors. The emissivity of the [O ii] λ3727 line changes by about 50%, but we have verified that this has little effect on our results. For the final Te uncertainties (rounded to the nearest hundred K in Table 6 ) we have propagated the 1-σ errors in the line fluxes (contained in Tables 3-4), and include the small contribution from the uncertainties in Ne. Table 6 summarizes the plasma diagnostics thus obtained, and the density values that we adopted. We note the generally good agreement between densities obtained from the [S ii] and [Ar iv] line ratios, when both are available. In these cases (PN 76, PN 78 and PN 83) we have adopted the [S ii]-based densities for the following analysis, because of their smaller uncertainties. and He ++ , relative to H + , were derived with the ionic program in iraf, from the de-reddened line fluxes and the Te, Ne values found in the previous step. Total chemical abundances were obtained adopting the ionization correction factors (ICFs) of Kingsburgh & Barlow (1994) , with the exception of argon for the H ii regions, in which case we adopted the recipes by Izotov et al. (2006) . The ionization correction factor for oxygen is obtained as (1 + He 2+ /He + ) 2/3 , where the He + abundance has been derived from He i λ5876 when available (Subaru dataset), and from He i λ4471 in the remaining cases. Our final abundances are shown in Table 7 , where the uncertainties have been calculated by propagation of the errors in the line fluxes and Te. Once again, we point out the good agreement in the resulting abundances between independent measurements for PN 76 and PN 78, observed both with Subaru and Keck. The weighted abundances for these two PNe (also included in Table 7 ) will be adopted for the remainder of the paper.
For two of the Keck targets, PN 55 and PN 111, the O + abundance could not be calculated, because the [O ii] λ3727 line was outside the covered wavelength range, therefore the quoted value is a lower limit to the O/H ratio. However, the median O + /O ratio of the remaining sample is 0.06, exceeding 0.12 only in the case of PN 67 (0.26), so the total oxygen abundance in PN 55 and PN 111 is likely to be close to the values reported in Table 7 .
In Fig. 6 we compare our final PNe abundances with those obtained by M09. These authors have determined electron temperatures either from direct detections of auroral
, or from a statistical relationship between Te and the strength of He ii λ4686. Abundances obtained with the latter method are not expected to be accurate, neither on theoretical grounds, nor on the basis of the diagrams by M09 which were used to define this relation. In order to differentiate the two Te-determination methods, we represent the [O iii] λ4363 detections in the M09 sample by full points in Fig. 6 , while open symbols are used for PNe without a λ4363 line detection (we remind the reader that [O iii] λ4363 is measured for each PN contained in our sample). It can be seen that the agreement between our abundances and those by M09 is generally acceptable, and that no obvious systematic offset exists between the two sets of abundances, with the exception of helium. This is likely a result of different abundance calculations, in particular regarding the effect of collisional excitation, because the He i line fluxes are in good agreement between the two studies. The remaining large discrepancies (> 0.2 dex) in Fig. 6 are due to significant differences either in the measured diagnostic line strengths (as in the case of Ne), or in the adopted Te (in the case of the most discrepant points for O, which do not have a [O iii] λ4633-based Te determination in M09). The plot for O confirms the expectation that PNe in the M09 sample without an [O iii] λ4363 detection, and whose abundances derive from a Te determination based on He ii λ4686, are affected by larger random errors than those with an observed [O iii] λ4363 line, and that a large abundance scatter is expected for these objects.
One of the three H ii regions we observed, B 90, was also included in the abundance studies by Crockett et al. (2006) and RS08. Both obtained 12 + log(O/H) = 8.50±0.06, in very good agreement with our value 12 + log(O/H) = 8.47±0.08. The Ne/H abundance ratios are also virtually coincident.
For the remainder of the paper, we complement our dataset of 16 PNe, covering mostly the inner region of M33, with the PNe sample studied by M09, but considering only objects with a direct determination of the oxygen abundance, i.e. based on the measurement of the [O iii] λ4363 auroral line. This restricts the number of PNe from M09 to 32 (out of 93), extending in galactocentric distances from 0.6 to 8 kpc. Of these, 6 are in common with our sample: PN 18, PN 67, PN 73, PN 76, PN 108, and PN 113. New auroral line-abundances for 10 PNe are therefore added by our study, 7 of them at R < 1.2 kpc. For consistency, we have recalculated the chemical abundances from the line fluxes published by M09, with the same procedure used for our PNe sample. In the plots that follow, in the cases where the M09 and our sample overlap, we have retained only the abundance information obtained from our observations, in order to avoid representing the same object more than once.
As mentioned above, Ciardullo et al. (2004) identified two PNe (PN 24 and PN 67) as possibly belonging to the M33 halo, having velocities that deviate more than 2.5 σ from the mean rotation curve. However, they point out that these outliers can be expected out of the total number of 140 targets, simply on statistical grounds. We find that the chemical abundances of PN 67 are comparable with those of the other targets in our sample. PNe in the halo of the Milky Way are generally metal-poor compared to those in the disk (e.g. Howard, Henry, & McCartney 1997; Henry, Kwitter, & Balick 2004) . We conclude that PN 67 likely belongs to the disk of M33, rather than the halo. However, we also point out that PN 67 is the only object in our PN sample that clearly shows absorption components in the Balmer lines, an indication of the presence of an underlying stellar component, as in the case of H ii regions. It has also the lowest excitation ratio observed in our sample, O ++ /O = 0.74, which overlaps with the range observed for H ii regions in M33 (however, PNe with even lower excitation are known, e.g. in the Milky Way, see Kingsburgh & Barlow 1994 or Górny et al. 2009 ). PN 67 is not among the brightest in Hα flux or in m5007 (Ciardullo et al. 2004) . It is therefore unclear whether this is truly a PN, or a compact, highexcitation H ii region. For the remainder of this paper we will continue to include PN 67 along the remaining PNe. None of the results presented in the next sections suggests that we should do otherwise. 
EXCITATION PROPERTIES
A first look at the main properties of the PNe in M33 is presented in Fig. 7 with orange squares our new H ii region abundances (B 72, B 90 and B 302) , and with the remaining squares a sample of H ii regions for which auroral line-based abundances could be derived, using line fluxes we compiled from the literature (Kwitter & Aller 1981; Vílchez et al. 1988; Crockett et al. 2006; Magrini et al. 2007; RS08) . For consistency, we recomputed the PN and H ii region abundances adopting the same techniques explained in Sect. 3. Fig. 7 highlights the fact that the excitation of PNe is very high, with more than 75% of the oxygen in the O ++ ionization stage for most of the objects shown. The H ii regions can be clearly separated from the majority of the PNe in Fig. 7a simply from their He ++ /H ratios, since He ii λ4686, when observed in H ii regions, never exceeds the intensity of a few percent of Hβ, while in planetary nebulae this line is often observed and can reach intensities similar to Hβ. The separation between PNe and H ii regions is well displayed also by looking at N/O vs. Fig. 7b . The average N/O ratio of the PNe is obviously larger than that for the H ii regions, a result of the nucleosynthesis processes taking place in the advanced stages of evolution of the PNe stellar progenitors. This is also reflected by the large dispersion seen for the PN data, compared to the H ii regions. Finally, in Fig. 7c we plot the ionic temperature Te[O iii], derived from the [O iii] λ4363/(λ4959 + λ5007) line ratio, as a function of the oxygen abundance. The general trend, for both PNe and H ii regions, is of decreasing electron temperature with increasing metallicity. However, at any given O/H ratio, the PNe have higher Te values, as expected, and display a larger dispersion, which reflects the dispersion in stellar effective temperatures. Uncertainties in the ICFs? Fig. 8 shows how the H ii region Ne/O ratio appears to decrease with excitation, in contrast with the expectation that this ratio should remain constant with variations of the nebular ionization structure. Kingsburgh & Barlow (1994) for the rest of this paper, in order to minimize the excitation dependence of the Ne/O ratio.
Considering only our PN sample, we obtain a mean <Ne/O> = 0.20 ± 0.03, shown by the continuous line in Fig. 8 . We suggest to use this value as the representative Ne/O ratio in the ISM of M33, because the selected PNe are the objects with the highest excitation (and presumably with the most accurate abundances), and therefore the uncertainty in the total Ne abundance due to corrections for Ne + should be negligible.
As we explained earlier, for argon we have adopted the ICFs from Kingsburgh & Barlow (1994) Fig. 9 . As in the case of neon, the H ii regions show a trend, this time with high-excitation objects having a lower Ar/O ratio than lower-excitation ones. The latter agree with the solar ratio, log(Ar/O)⊙ = −2.14 ± 0.09 (Lodders 2003 , indicated by the horizontal dashed line in Fig. 9 ). This suggests that the ICF(Ar) we are adopting is inadequate at O ++ /(O ++ + O + ) > 0.6. We also point out the existence of a systematic offset of the Ar/O ratio between our PN sample (red circles), which agrees with the solar value, and the one based on the M09 data, which has a lower mean Ar/O. This could be related to observational errors, or could be due to the systematically higher extinction found by M09 (which would lower the [Ar iii] λ7135 strength relative to Hβ). For the following discussion we must therefore keep in mind that high-excitation H ii regions and the M09 sample of PNe appear to have argon abundances that are under-estimated.
ABUNDANCE PATTERNS

Nitrogen and helium
The impact of the nucleosynthetic processes occurring in the PN progenitors on the chemical compositions of the ejected envelopes can be visualized in a plot of N/O vs. He/H (Fig. 10) . Both N and He can be enhanced at the stellar surface during the red giant and AGB phases, largely depending on the mass and metallicity of the stellar precursors. The details are complicated by the combined effects of mechanisms such as mass loss, rotation, hot bottom burning and third dredge-up (Charbonnel 2005 on the order of one dex (the two mean values are shown as dashed lines in Fig. 10 ). When we factor in the radial trends (Sec. 6.2), the typical enhancement in N/O is ∼ 0.8 dex.
Stars belonging to the high end of the PN progenitor mass spectrum (which extends approximately between 0.8 and 8 M⊙) are associated with Type I PNe (Peimbert 1978) , and are part of the youngest stellar population, showing clear N and He abundance excesses relative to the composition of H ii regions, which represent the chemical makeup of the present-day ISM. The values of the minimum N/O and He/H ratios that define this class of PNe vary slightly between different authors, and need to account for the value of the N and O abundances in the ISM out of which the progenitor stars were formed (e.g. Stasińska, Richer, & McCall 1998; Leisy & Dennefeld 1996) . Since the metal content of M33 is comparable to that of the LMC, we show in Fig. 10 the corresponding limits, N/O > 0.38, He/H > 0.105, proposed by Torres- Peimbert & Peimbert (1997) . With this definition, most of the PNe in our sample (red symbols with error bars) are of Type I, or have an N/O ratio that is compatible, given the errors, with being of Type I. However, it is worth pointing out that most of the PNe in our sample have N/O ratios that are only slightly above the Torres-Peimbert & Peimbert (1997) limit for inclusion into the Type I definition. In fact, we do not expect that a large number of PN progenitors in our sample, which is drawn from the brightest PNe in M33, experienced evolutionary phases that can strongly enhance the N/O ratio, such as hot bottom burning or second dredge-up, because the corresponding progenitor masses would be around 2.5 M⊙, according to the models of Marigo et al. (2004) . Furthermore, the IMF would favor the detection of lower mass progenitors with respect to high mass ones.
The remarkable PN 78
The largest helium content in our PN sample (He/H ≃ 0.17) is reached for PN 78 and PN 99 (both are identified in Fig. 10 ). The former also has a striking nitrogen excess, 12 + log(N/H) = 9.20 and log(N/O) = 1.09. The large N content does not depend on the correction factor scheme that we used, and is due to the strong nitrogen lines observed (the strength of [N ii] λ6583 is approximately twice that of Hα; see the spectrum in Fig. 2) . The high electron temperature is accompanied by a very high nebular excitation, with the only detection of [Ar v] λλ6435, 7005 in our sample.
The nitrogen enrichment that we derive for PN 78 is comparable to the maximum observed to date in Type I PNe belonging to the Milky Way (e.g. Stanghellini et al. 2006) , although it occurs at a much lower O/H ratio. In fact, PN 78 has the lowest measured oxygen abundance in our sample, 12 + log(O/H) = 8.15, considerably lower than the median of 8.47. It is tempting to interpret these data as the result of hot bottom burning in a massive progenitor (∼ 5 M⊙), which could explain both the low O and the high N abundances, with nitrogen synthesized at the expense of C. At sufficiently high temperatures N could be produced at the expense of oxygen in the ON cycle. However, in the case of PN 78 the latter possibility seems to be excluded. We plot in Fig. 11 the N/O ratio as a function of N/H. The regression line to the whole PN sample (excluding PN 78), calculated accounting for errors in both coordinates (we used an IDL adaptation of the routine fitexy by Press et al. 1992 for this and subsequent fits of this kind), has a slope of 0.99±0.01, indicating that the N/O enhancement relative to H ii regions is due primarily to high N production, rather than O depletion. This appears to hold for the M33 PN sample as a whole, and also for the specific case of PN 78. In addition, both the Ar/O and Ne/O ratios for PN 78 are comparable to those of the rest of the sample, confirming that oxygen is not significantly depleted.
PNe observed in the Milky Way and the Magellanic Clouds have generally much smaller N/H ratios than we find in PN 78, which is interpreted as a modest efficiency of hot bottom burning in intermediate-mass precursors (Marigo et al. 2003) , since a larger efficiency would lead to an overproduction of N. Our data for PN 78 seem to suggest that, occasionally, large N/H and N/O ratios can be encountered, simultaneously with a large He/H ratio (the latter as a result of an efficient third dredge-up). Richer & McCall (2007) have presented chemical abundances for PNe in the irregular galaxy NGC 6822. One of their targets, S33, with 12 + log(N/H) = 8.93 and log(N/O) = 0.90, has a nitrogen excess similar to PN 78 in M33. In this case, however, the oxygen abundance, 12 + log(O/H) = 8.03, is larger than the galaxy's mean value. These authors propose that this could be an example of a star in which oxygen has been dredged-up in the late evolutionary phases. The high N/O ratio is not explicitly discussed by Richer & McCall (2007) , although they note that, in general, nitrogen should be more easily dredged-up than oxygen.
Neon and oxygen
Since core-collapse supernovae (massive stars with initial M > 8 M⊙) are the main sites of oxygen and neon production, one expects that, unless important nucleosynthesis of these elements takes place in the less massive stars that are the PN precursors, their variation occurs in lockstep in PNe, similarly to the case of H ii regions. This is in fact observed in the Milky Way and the Magellanic Clouds (Henry 1989; Leisy & Dennefeld 2006) , and is normally taken as evidence that the oxygen abundance measured in PNe is equivalent to that of the progenitor stars at the moment of birth (Richer & McCall 2007) . Deviations from this result have been discovered in low metallicity environments, where third dredge-up episodes could be more efficient, with the consequence that oxygen can be overabundant in PNe relative to H ii regions, as both theory (Marigo 2001 ) and observations (Magrini et al. 2005; Peña, Stasińska, & Richer 2007; Kniazev, Pustilnik, & Zucker 2008) suggest. However, according to Richer & McCall (2007) these findings constitute the exception rather than the rule, perhaps because most progenitors of the bright PNe studied spectroscopically in other galaxies are of rather small mass (< 1.5 M⊙, Richer & McCall 2008) . Fig. 12 shows the values of Ne/H as a function of O/H for PNe and H ii regions, with the same symbols as in Fig. 7 . The regression to the PN data (considering [O iii] λ4363-based abundances only), shown by the dashed line, has a slope of 1.09 ± 0.07, with a correlation coefficient of 0.89. The Ne-O relationship observed by Izotov et al. (2006) in a sample of star-forming galaxies and blue compact galaxies is shown for reference (continuous line, slope 1.097 ± 0.015). The increasing deviation of the RS08 H ii region data (blue squares) from the Izotov et al. line with decreasing O/H has the same nature as the excitation trend we detected in the Ne/O ratio (Fig. 8) , and can be related to an inaccurate ICF(Ne) at low nebular excitation. Wang & Liu (2008) have pointed out that the Ne/O ratio of the ionized ISM follows an increasing trend with O/H, reaching a mean value of ∼0.25 in the Milky Way and other metal-rich galaxies, suggesting that the Ne enrichment of the ISM is delayed relative to O. The average Ne/O ratio for PNe with [O iii] λ4363 detections in M33 (our sample + M09) is 0.18 ± 0.04, comparable with the value observed in the LMC (Leisy & Dennefeld 2006) , which has a present-day metallicity similar to that of the ISM in M33.
Argon and oxygen
Argon and sulfur are also products of primary nucleosynthesis in massive stars, and their abundances can be used in alternative to oxygen to characterize the initial composition Fig. 7 . The regression to the PNe (our sample + M09) is shown by the dashed line, and the trend found by Izotov et al. (2006) for more than 400 emission-line galaxies is shown by the continuous line. Figure 13 . The Ar/H abundance ratio as a function of O/H. Symbols as in Fig. 7 . The regression to the PNe (our sample + M09) is shown by the short-dashed line, and the trend found by Izotov et al. (2006) for more than 400 emission-line galaxies is shown by the continuous line. The long-dashed line represents the regression to our PN sample, combined with the H ii regions.
of PN progenitors, since they should not be affected by evolution during the AGB phase (Leisy & Dennefeld 2006) , at any chemical composition. The main difficulty in the study of argon and sulfur is that observationally it is more challenging than that of oxygen, due either to the weakness of the lines, or the required wavelength coverage. Moreover, the correction for unseen stages of ionization can be important, especially for sulfur (Henry et al. 2004) . In this work we only consider the abundance of argon, since for sulfur we only have access to the [S ii] lines.
Observations in the Milky Way have shown that argon, like neon, follows oxygen reasonably well in both PNe and H ii regions (Henry et al. 2004 ), although Stanghellini et al. (2006) failed to find a correlation between Ar and O abundances for PNe, likely as a result of the uncertain Ar abundances. Our plot of Ar/H vs. O/H is shown in Fig. 13 , where we can see a good correlation (Rxy = 0.76) between the two quantities. The slope of the regression that considers the whole PN sample (short-dashed line) is 0.58 ± 0.09, significantly lower than unity, and smaller than the value found for the star-forming galaxy sample studied by Izotov et al. (2006) , 0.916 ± 0.021. For Milky Way PNe, Henry et al. (2004) obtained a good correlation between Ar/H and O/H, but with an even higher slope of 1.34 ± 0.14. In light of the problems with the PN Ar/H abundances mentioned earlier, we carried out a regression to our PNe sample and the H ii regions combined, since they appear to follow a common relation in the diagram (long-dashed line).We find a slope of 0.98 ± 0.27, consistent with unity, although the error is quite large. We point out that these data lie systematically above the Izotov et al. (2006) regression line. We conclude that Ar is rather well correlated with O in both PNe and H ii regions in M33, but further studies will be required to reduce the uncertainty in the relation between these two quantities for this galaxy.
RADIAL ABUNDANCE GRADIENTS
One of our main motivations at the inception of this spectroscopic study of M33 was to test whether PNe could provide complementary information on the galactic-scale oxygen abundance gradient in this galaxy and on its possible temporal evolution. Despite the fact that several H ii region emission line studies have been carried out in M33 throughout the years (to cite a few: Kwitter & Aller 1981; Vílchez et al. 1988; Willner & Nelson-Patel 2002; Crockett et al. 2006; Magrini et al. 2007; Rosolowsky & Simon 2008; Rubin et al. 2008) , the present day metal content of the central parts of the galaxy remains the most uncertain, due to the difficulties in measuring the required, temperature-sensitive faint auroral lines, as the gas temperature decreases with decreasing galactocentric distance. This is a consequence of the nebular cooling increasing with metallicity. Fig. 14 illustrates the systematic change of temperature with distance from the galactic center derived for the H ii regions, for which we find a gradient of 300 ± 60 K kpc −1 (no galactocentric variation in temperature is detected for PNe).
Comparative studies of the abundance gradient in the Milky Way, that include observations of PNe, H ii regions and young stars, provide rather consistent results among the different abundance tracers (Maciel & Quireza 1999; Henry et al. 2004 ), but with considerable uncertainties resulting from poorly known distances to individual targets. Chemical elements that are unaffected by nucleosynthesis in low-and intermediate-mass stars, such as S, Ar and Cl, should preferentially be used, however it appears that O and Ne, which are more easily measured, also trace the abundances of the ISM at the time of formation of the PNe progenitors, since their production is very small in the corresponding mass range, except at the lowest metallicities.
Our discussion about the Ne/O ratio presented in Section 5.2 confirms the general finding obtained by other authors in a few nearby galaxies, namely that above the metallicity of the SMC [12 + log(O/H) = 8.1] the brightest PNe and H ii regions have comparable metallicities, as measured by the O/H ratio (Richer 1993; Richer & McCall 2007) . This allows us to examine the metallicity gradient in M33 independently of the H ii regions, by using PNe. In the comparison, we can also include massive supergiant stars, which, owing to their young ages, are also excellent probes of the present day chemical composition of galaxies. In a recent work on the spiral galaxy NGC 300, Bresolin et al. (2009) confirmed that the analysis of the metal lines of blue supergiants provides an abundance gradient which is in excellent agreement with the one derived from [O iii] λ4363 detections in H ii regions, including metallicities near the solar value. In the case of M33, stellar metallicities for young stars have been published by Urbaneja et al. (2005, B supergiants) and U et al. (2009, A supergiants) . The latter also compared the radial abundance gradient in M33 using different indicators (H ii regions, supergiant stars and Cepheids).
Despite the difficulties of obtaining spectra of extragalactic PNe with good signal-to-noise ratios, the use of PNe presents a couple of advantages over H ii regions in abundance studies near the galactic central regions. First, as the metallicity increases at small galactocentric distances, the determination of the decreasing H ii region electron temperature becomes very difficult, as a consequence of the more efficient gas cooling that reduces the strengths of the [O iii] lines. In the case of PNe, the excitation provided by the much harder stellar radiation and the higher electron densities, which reduce the cooling due to collisional de-excitation, ensure that the detection of [O iii] λ4363 is still feasible. Secondly, PNe are not expected to be affected by abundance biases at high O/H ratios. Stasińska (2005) pointed out that in the presence of temperature gradients within H ii regions, which are predicted to develop at high metallicity (around and above the solar value), the measured O/H abundances could systematically underestimate the true metal content of the gas. Again, the high effective temperature of the ionizing stars of PNe, together with their higher densities, prevents this from occurring.
In the following discussion, we consider optical comparison samples of H ii regions taken from various authors: Kwitter & Aller (1981) , Vílchez et al. (1988) , Crockett et al. (2006) , Magrini et al. (2007) overcome difficulties in the analysis arising from the nonhomogeneous nature of the data sets and to avoid systematic discrepancies that could originate from differences in atomic data, ionization correction factors, etc., we have recalculated the abundances from the published line fluxes using the same procedure employed for our H ii region data (see Section 3).
Oxygen
The O/H radial behaviour for the PNe having [O iii] λ4363-based abundances is compared with the H ii region and the blue supergiant gradients in Fig. 15 and 16 , respectively. We have calculated a linear regression for the combined PNe data (ours and M09), and represent it with the continuous red lines in both figures. We have used the weighted least square method described by Akritas & Bershady (1996) , to account for the intrinsic scatter in abundance, in addition to uncertainties in the individual abundance values. The regression yields: 12 + log(O/H) = 8.47 (±0.07) − 0.013 (±0.016) R kpc (1)
The gradient slope that we obtain is compatible within 1-σ with both a flat gradient and with the slope obtained by M09 (−0.031 ± 0.013 dex kpc −1 ). We note that M09 did not restrict their analysis to objects with auroral line detections, as we do instead. This partly explains the difference in the regression parameters between the two studies. Moreover, our measurements of [O iii] Again, this is compatible with the slope of the PNe O/H abundance gradient. Where the PN and H ii region samples differ is in the intrinsic scatter, which is 0.20 dex and 0.09 dex, respectively (and easily confirmed qualitatively by inspecting Fig. 15 ). However, it is possible that the measurement errors for the M09 data have been under-estimated, because restricting the regression to our new PN sample the scatter is considerably smaller, 0.09 dex (with slope −0.027 ± 0.032 dex kpc −1 ), confirming the suggestion made earlier that the abundances measured by M09 are less precise than those we measure in our new sample. One can, in principle, expect a larger scatter for PNe than for H ii regions, due to the fact that PNe sample a significant age range in the evolution of galaxies. We point out that even in our new sample two PNe (PN 73 and PN 94) We conclude that, given the uncertainties, bright PNe and H ii regions give a similar picture of the oxygen abundance gradient in M33. Our PNe sample provides a good number of auroral line-based abundances in the central region of M33, where H ii region abundances are more difficult to obtain, due to the nebular cooling. The ionized gas does not suggest deviations from a simple exponential gradient in O/H vs. radius, even in the central region of the galaxy.
The linear regression to the B-type supergiants studied by Urbaneja et al. (2005) , shown in Fig. 16 by the dashed line, is given by:
12 + log(O/H) = 8.61 (±0.11) − 0.041 (±0.027) R kpc (3)
The O/H gradient slope from the blue supergiants is slightly steeper than that obtained from the ionized gas, although considering the errors the stellar gradient is still compatible with the gradient obtained from PNe and H ii regions (it is worth noting that the single star at R = 7.22 kpc is largely responsible for the steeper slope). In conclusion, the oxygen abundance indicators at our disposal (PNe, H ii regions and B supergiants) provide a consistent picture of the O/H gradient in M33.
Nitrogen
The radial N/H abundance gradient for both H ii regions and PNe is shown in Fig. 17 . The H ii regions display a well-defined gradient, with a slope −0.105±0.015 dex kpc −1 , i.e. significantly steeper than for O/H. The slope for the PNe is somewhat shallower (−0.060 ± 0.027 dex kpc −1 ), but with a much larger scatter (0.31 dex vs. 0.09 dex; we excluded the high N/H abundance PN 78 from the fit). If we interpret the H ii region N/H ratios as the original abundances of the PNe progenitors at birth, the clear offset we see between H ii regions and PNe in Fig. 17 is a signature of the nitrogen enrichment that took place during the AGB phase of the PN progenitors.
The effect of nitrogen enrichment on the N/O radial abundance gradient is displayed in Fig. 18 , where we point out that the two regressions for the H ii regions and the PNe are virtually parallel (the slopes are −0.052 ± 0.015 and −0.044 ± 0.025 dex kpc −1 , respectively). The nitrogen enrichment in the PN progenitors is approximately constant, about 0.8 dex, across the metallicity range covered by our samples. A similar result was found by Richer & McCall (2007) in the case of the SMC (where the offset between H ii regions and PNe was found to be ∼0.7 dex), but in other dwarf irregulars these authors observed that the N/O ratios span a very wide range (∼ 2 dex) for a given O/H ratio, so it does not seem possible to generalize our result, even though the N/O range in M33 appears relatively smaller. We also note that a few PNe have N/O ratios comparable to those of the H ii regions, thus their progenitors did not produce large quantities of nitrogen, perhaps as a consequence of their lower masses. Although admittedly the statistics are rather poor, the data in Fig. 19 , where we plot N/O vs. O/H, suggest that this is happening preferentially at higher metallicity [12 + log(O/H) > 8.5, although this might depend on a poor abundance determination], and that the N/O ratio, and therefore the nitrogen enrichment, is larger at smaller O/H (a similar result was found, among others, by Dennefeld 1996 and Stasińska et al. 1998 ; but note that, given the errors, the regressions in Fig. 19 are consistent with flat slopes).
In Fig. 19 we also include the N/O ratios calculated for B-type supergiants by Urbaneja et al. (2005, blue star symbols) . In these post-main sequence stars rotationallyinduced mixing of material processed in the stellar core can be brought up to the photosphere (Maeder & Meynet 2000) . The N/O abundance ratio, in particular, is heavily enhanced in B supergiants, likely by internal mixing, although additional mechanisms (such as binarity and magnetic fields) can also play an important role (Hunter et al. 2008) . B supergiants with even larger N/O ratios could be explained by the deep convection occurring during the red supergiant phase, although current theoretical tracks do not extend back to the blue (Hunter et al. 2009 ). The stellar data points in Fig. 19 , compared to the H ii regions, show that, interestingly, the N/O ratio in the B supergiants is approximately the same as for the majority of the PNe, indicating that the nitrogen enrichment of present-day evolved massive stars (20-40 M⊙) is comparable to that of the progenitor stars of bright PNe (∼2 M⊙). 
Neon and argon
The top portion of Fig. 20 ) < 0.5, since we have evidence that the ICF may be wrong for those. The slopes we obtain for H ii regions and PNe, −0.032 ± 0.020 and −0.023 ± 0.018 dex kpc −1 , respectively, are consistent with each other and with the O/H gradient slope. We must add that for the H ii regions the value of the slope is sensitive to the adopted selection in the excitation parameter: if we remove from the fit the H ii regions for which O ++ /(O ++ + O + ) < 0.6, for example, we obtain a slope of −0.054 ± 0.018 dex kpc −1 , more in agreement with the result obtained from Spitzer observations by Rubin et al. (2008) , −0.058 ± 0.014 dex kpc −1 .
In the bottom plot of Fig. 20 we show the radial gradient of the Ar/H abundance ratio for PNe and H ii regions. We have omitted the 4 H ii regions with O ++ /(O ++ + O + ) > 0.6. The gradient slope we show for the PNe is affected by the additional uncertainty represented by the systematic offset we noticed between our sample and the one by M09. This uncertainty is not reflected in the gradient parameter summary of Table 8 . As the table shows, the slopes we derive for both types of objects agree with the values obtained for the oxygen abundance gradient.
Radial gradient summary
To summarize our results for this section, we report in Table 8 the parameters of the radial logarithmic abundance gradients for O, N, Ar and Ne. The number of objects used for the fits is included. Given the sources upon which these results are based, it is not surprising that we find a good agreement with the slopes obtained for PNe by M09 (O/H: −0.031±0.013 dex kpc −1 ; Ne/H: −0.037±0.018 dex kpc −1 ). It can be seen from Table 8 
CONCLUSION
Our work highlights the importance of deriving auroral linebased chemical abundances for large samples of planetary nebulae and H ii regions in nearby galaxies. These observations are essential to learn more about systematic errors in nebular diagnostics, the time evolution of the chemical composition of star-forming galaxies, and the nucleosynthesis of intermediate-mass stars. Key targets for these studies are nearby irregular and spiral galaxies, where the spectroscopy of faint diagnostic lines can be carried out with the present generation of telescopes and instruments. We have obtained new deep optical spectrophotometry of 16 planetary nebulae in M33, mostly located in the central two kpc of the galaxy. For this sample we have derived electron temperatures and chemical abundances from the detection of the [O iii] λ4363 line. After combining our abundances with those we obtained with the same direct method from the emission line observations of Magrini et al. (2009, 32 PNe), we have examined the behavior of nitrogen, neon, oxygen and argon in relation to each other in PNe and H ii regions, and as a function of galactocentric distances.
The N/O and He/H abundance ratios of most of the PNe of our new sample, which comprises objects in the brightest 1.5 magnitudes of the [O iii] λ5007 luminosity distribution, lead to a Type I classification, which, at least in the Milky Way, corresponds to young objects with relatively massive progenitors. We have found one object, PN 78, with an extreme nitrogen abundance, accompanied by a large helium content.
We confirm the good correlation between Ne/H and O/H abundances for PNe in M33, as expected from the primary nature of these two elements. We also find a linear correlation between argon and oxygen, but we point out that this is somewhat uncertain, due possibly to observational errors. The Ar/O ratio is consistent with the value found in H ii regions and in the Sun. For Ne/O, we find a mean value for PNe of 0.20, which is 18% larger than the Asplund et al. (2009) value, but in agreement with the Ne/O vs. O/H trend found by Wang & Liu (2008) . These result lend support to the idea that at the metallicities of the PNe analyzed in M33 these three α-elements (O, Ar and Ne) trace the abundance of the progenitor stars at the moment of their birth, and in particular that neon and oxygen have not been modified during the dredge-up process taking place during the AGB phase.
We find no significant abundance offset between PNe and H ii regions at any galactocentric radius, despite the fact that they represent different age groups in the evolution of the galaxy. The combination of the PN and H ii region auroral-line abundances provide information on the shape of the oxygen abundance gradient in the central few kpc of M33. We obtain an α-element abundance gradient of the ISM in M33 with a slope of −0.025 ± 0.006 dex kpc −1 , and the slopes obtained separately for H ii regions and PNe agree, within the current uncertainties. This is consistent with the conclusion by M09 that the disk of M33 has not experienced a significant chemical enrichment of its interstellar medium in the past few Gyr. Moreover, despite the large dispersion in O/H abundances for both PNe and H ii regions, we find no indication that towards the center of the galaxy PN values are systematically larger than H ii region ones, as would be the case if H ii region abundances were biased towards lower values, and as could be the case if O/H in the central parts of M33 were really high (super-solar) . This confirms what B supergiants already indicated for this galaxy.
The growing amount of data on abundance tracers in M33 in the past few years has raised new questions regarding the present-day abundance gradient in this galaxy. For example, what is the origin of the large intrinsic dispersion of H ii region O/H abundances (also displayed by the PNe data shown here) at a given radius discovered by RS08? We found no correlation of the abundance residuals, as measured with respect to the mean gradient, with a number of parameters, including nebular luminosity, equivalent width of the Hβ line, line strengths, gas density, or position in the galaxy disk. An analysis of additional data acquired as part of the M33 Metallicity Project (RS08) will hopefully shed some light on this issue. Moreover, the study of A supergiants by U et al. (2009) provided metallicities near the galaxy center that lie above the solar value, and their derived slope, corrected to account for our adopted distance, is −0.084 ± 0.010 dex kpc −1 . While it is true that the comparison between stars and ionized gas is complicated by the fact that A supergiant metallicities refer mostly to the iron content (rather than that of the α-elements), it is striking, as also pointed out by U et al. (2009) , that the stellar metallicities are consistently near or above the solar value close to the center of M33, while the H ii regions samples includes objects with O/H ratios that extend down to 20% of the solar value. Future studies of the oxygen content of A and B supergiants in the central few kpc of M33 will help to directly compare stellar and nebular abundances, and perhaps better understand the nature of the abundance dispersion.
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